In most models of endocytosis, the endocytic machinery is recruited from the cytoplasm by cytoplasmic tails of the plasma membrane proteins that are to be internalized. This does not appear to be true at synapses where the endocytic machinery required for synaptic vesicle recycling is localized to membraneassociated 'hot spots' [ 
Dynamin [5, 6] and AP-2 [2] are required for synaptic vesicle recycling in Drosophila. Both proteins were shown by confocal immunofluorescence to co-localize with Dap160 in third instar larval neuromuscular junctions (J.R. and R.B.K., unpublished observations). Dap160 was the first member of a family of proteins now called the intersectins [7] [8] [9] [10] that have two Eps15 homology domains, multiple Src-homology 3 (SH3) groups and are involved in the formation of endocytic clathrin-coated vesicles [11] . We examined the localization of proteins involved in endocytosis in unstimulated nerve terminals of Drosophila neuromuscular junctions using a deconvolution microscope. The images acquired were refined by applying deconvolution algorithms to reduce out-of-focus haze that is generally present in confocal sections. The images of single sections of a synaptic bouton revealed that the endocytic machinery had holes of almost constant diameter that give the terminal a 'honeycomb' appearance ( Figure 1 ).
Comparison to post-synaptic receptor clusters
The number and dimensions of the holes in the distribution of both Dap160 and dynamin (data not shown) were reminiscent of the size of active zones measured at Drosophila neuromuscular junctions [12] . They were also similar to the number and size of the clusters of postsynaptic glutamate receptors at the Drosophila neuromuscular junction. The distribution of the postsynaptic glutamate receptor, which is a postsynaptic marker for the presynaptic active zone, has been studied by both confocal and electron microscopy in Drosophila third instar larvae using a Myc-epitope-tagged form of the receptor [13] . The receptors cluster in oval discs about 1 µm in length on the post-synaptic membrane opposite synaptic vesicles docked at presynaptic active zones. To determine whether there is any relationship between the sites of endocytosis Dap160 is restricted to varicosities in a honeycomb pattern in Drosophila neuromuscular junctions. Wild-type third instar larvae were dissected and stained for Dap160 and visualized by DeltaVision microscopy. Images were then processed using deconvolution algorithms. Individual Z sections of synaptic boutons on muscle 4 are shown. Similar distributions have been seen for boutons present on muscle 6 and throughout the larval neuromuscular system. The scale bar represents 2.5 µm.
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and the post-synaptic clusters of receptors, the distribution of Dap160 was examined in strains expressing the Mycepitope-tagged glutamate receptor (DGluRIIB-Myc). The Myc-epitope-tagged glutamate receptors clustered into oval rings within each nerve terminal (Figure 2a ). Dap160 and dynamin did not overlap with the receptor clusters but instead filled the membrane space surrounding them (Figure 2b,c) . Previous analysis of the Drosophila neuromuscular junctions revealed that larger nerve terminals have more active zones per bouton than smaller terminals [14, 15] . For boutons of all sizes, the glutamate receptor clusters were always about 1 µm in length and had a minimal separation of about 0.5 µm, which is consistent with previous measurements [12] .
The dimensions of the endocytosis zones seen here in unstimulated nerve terminals are likely to be too large to correspond to single coated vesicles recycling synaptic vesicle proteins. . To estimate how a single, 50-100 nm clathrin-coated vesicle might appear, we compared the dimensions of the Dap160 honeycomb with that of fluorescent beads of known diameter by pixel counting. The width of the endocytic honeycomb was measured to be about 400 nm in diameter (data not shown), which is larger than the diameter of a clathrin-coated vesicle (about 100 nm). In addition, the concentrations of endocytic machinery observed were not radially symmetrical, as is seen for single clathrin-coated vesicles [16] .
Effect of vesicle exocytosis on the endocytic machinery
In some models of endocytosis, the cargo proteins on the plasma membrane recruit the endocytic machinery to the plasma membrane (for reviews see [17, 18] ). The cargo for the nerve terminal endocytic machinery is the complement of synaptic vesicle proteins. Because there are very few cargo proteins on the plasma membrane in resting terminals, the honeycomb distribution is unlikely to be determined by the presence of cargo molecules. The synaptic vesicle cargo can be redistributed to the plasma membrane when neuromuscular junctions of shibire ts1 larvae are stimulated [1, 3, 5, 19, 20] , but synaptic vesicle uptake and recyling is blocked at the non-permissive temperature. To determine whether the organization of the recycling machinery is modified by redistributing cargo from synaptic vesicles to the plasma membrane, the distribution of Dap160 was examined by confocal microscopy in Drosophila shibire ts1 strains possessing the DGluRIIB-Myc Dap160 and the endocytic honeycomb are coupled to glutamatereceptor clusters in vesicle-depleted nerve terminals. Male third instar larvae of shibire ts1 ; DGluRIIB-Myc mutants were dissected and then incubated at 34°C in 60 mM K + -saline for 5 min. Preparations were fixed and stained for DGluRIIB-Myc (GluRB) using monoclonal antibody 9E10, and with an antibody against Dap160. (a) Individual confocal Z sections reveal that Dap160 is concentrated at unique sites on the plasma membrane that are adjacent to, but do not co-localize with, GluRB staining. transgene. Dap160 was recovered in puncta or 'hot spots' in stimulated nerve terminals at the non-permissive temperature as previously described [1, 3] . When the distribution of the Myc-epitope-tagged glutamate receptors was compared to the distribution of Dap160 on the nerve terminal membrane, again, no significant overlap was found, despite the massive redistribution of synaptic vesicles. This was true for individual sections (Figure 3a) or when several optical sections were combined (Figure 3b ). Thus, it seems likely that, in nerve terminals, the endocytic machinery is clustered into zones independent of the location of the endocytic cargo.
After transfer of the synaptic vesicle cargo to the plasma membrane by stimulating shibire ts1 flies at the non-permissive temperature, the plasma membrane distribution of these synaptic vesicle antigens was not uniform. A significant fraction of the synaptic vesicle marker, cysteine string protein (csp), colocalized with the hot spots of Dap 160 ( Figure 4 ). The colocalization would be expected if the concentrations of endocytic machinery are indeed sites of endocytosis.
The data from Drosophila neuromuscular junctions suggest the concept of the recycling zone as a unit of presynaptic organization ( Figure 5 ). The model is based on a number of reasonable assumptions. First, on the basis of published electron micrographs [13] , that active zones of exocytosis lie opposite to post-synaptic receptor clusters and are so physically close that the receptor clusters can be taken as markers of active zones. Unfortunately, no presynaptic active zone marker is currently available in Drosophila. A second assumption is that sites enriched in endocytic machinery are also sites of endocytosis. The data from stimulated shibire ts1 mutants are consistent with this assumption (Figure 4 ).
A synaptic organization in which each exocytic active zone has a 'recapture-surround' zone of endocytic machinery has some satisfying features. It offers an explanation why, when nerve terminals have more than one active zone, as at the frog neuromuscular junction [21, 22] or mossy fiber synapses in the hippocampus [23] , the active zones are separated by a minimum distance of about 1 µm. The recapture-surround hypothesis also suggests an explanation of the remarkable constancy of active zone size, from Drosophila to mammals. Active zones might be limited to one micron or so to allow synaptic vesicle proteins to diffuse to the recycling machinery within a second or two after fusion, thus allowing rapid recycling. If all the calcium channels are in the active zone, the spacing we describe could also explain why, on the basis of calcium diffusion models, exocytosis occurs at calcium concentrations in the range of 100 µM whereas the endocytic machinery responds to calcium concentrations that are ten times smaller [4, 24] .
In conclusion, the large size and convenience of the Drosophila larval neuromuscular junction have revealed an
Brief Communication 1413 unexpected feature of nerve terminals. Regions that are predicted to be active zones of exocytosis seem to be embedded in zones of endocytosis. We propose that an active zone of exocytosis surrounded by an annulus of endocytic machinery be considered a recycling zone. Nerve terminals would grow by adding more recycling zones. The separation between active zones, measured to be at least 0.5 µm, might reflect a need for surrounding the active zone with sufficient endocytic machinery to ensure efficient recapture of synaptic vesicle proteins.
Materials and methods

Flies
Flies (Or-R, shibire ts1 , MHC-DGluRIIB-Myc) were raised on standard fly food and kept at 18°C. Third instar larval neuromuscular junctions from MHC-DGluRIIB-Myc flies were prepared as described [1] . Results of the complementary distribution of Dap160 and DGluRIIB-Myc were examined on over 25 individual boutons on muscles 6/7 in hemi-segments A2 and A3 and over 20 individual boutons on muscle 4, as well as other neuromuscular synapses throughout the larval preparation. These results were obtained from dissections of six different larval preparations. Fly shibire ts1 ; MHC-DGluRIIB-Myc lines were generated by crossing shibire ts1 females to MHC-DGluRIIB-Myc males. Six third instar male progeny were then dissected and analyzed at the non-permissive temperature as described [1] . The distributions of Dap160 and DGluRIIB-Myc were compared on muscles 6/7 and muscle 4 as described for unstimulated MHC-DGluRIIB-Myc flies.
Antibodies
Dap160 polyclonal antibodies (Ab1704) [3] and dynamin polyclonal antibodies (Ab2074) [1] were affinity purified as described. Monoclonal antibody 9E10, which recognizes the Myc epitope was the generous gift of Dr Gary Herman (UCSF). Monoclonal antibody against the cysteine string protein was the generous gift of Konrad Zinsmaier (U Penn).
Microscopy
Confocal images were acquired on a Leica NT system as described [3] . Optically acquired fluorescent images were generated using a DeltaVision workstation. Z sections were acquired at 0.1 µm increments. Images from individual boutons were processed by deconvolution algorithms using DeltaVision software.
